Introduction 59
Successful micronutrient biofortification of crops through biotechnology requires detailed 60 knowledge of complex homeostatic mechanisms that tightly regulate the micronutrient 61 concentrations in plants. Iron (Fe) is one of the important micronutrients that is involved in 62 multiple important cellular and physiological processes in plants [1] [2] [3] . Some of the 63 important functions include its importance in photosynthesis, nitrogen fixation and 64 respiration [4, 5] . Although Fe may be present in the soil, yet due to alkaline rhizospheric 65 conditions or unfavorable circumstances it is not been efficiently taken up by plants [6] [7] [8] [9] . 66 Moreover, the Fe is mobilized inside the plant tissue with an important goal to load in the 67 filial tissue of grains that basically involves a multistep process encompassing many 68 bottlenecks [10] [11] [12] [13] . Researchers worldwide is generating information for the means to 69 enrich Fe rich grains and their storage with enhanced bioavailability. To improve Fe 70 content in cereal grains, multiple transporters and chelators have been targeted including 71 molecular approaches [14] [15] [16] . In addition to these, a number of genes are still unaddressed 72 that are potential candidates for micronutrient biofortification, including transporters belong 73 to the inventory of the Major facilitator superfamily (MFS) gene family [17] . Also, a very 74 few reports are available that deals with the identification and molecular characterization of 75 wheat genes or gene families involved in Fe and Zn homeostasis. Recent reports are 76 emerging for the identification of few functional gene families, for example belonging to, 77 yellow stripe like transporters [18] , nicotianamine synthase (NAS), deoxymugineic Acid 78 Synthase (DMAS) [19] , yet there are still many genes families that remained to be 79 characterized in hexaploid wheat. Similarly, genes encoding for Zinc-Induced Facilitator-80
Like family (ZIFL) of transporters have been described for their role during Fe homeostasis 81 beside been regulated by a few heavy metals [20] . 82
Fe storage in seeds gets compartmentalized in two major subcellular stores that 83 include chloroplasts and vacuoles. For example, 95% of the iron is stored in vacuoles in the 84
Arabidopsis seeds [21] . Vacuoles are an important site for Fe mobilization wherein, they 85 are bound to various chelators like phytic acid, nicotianamine and other organic acids etc. 86 Therefore, uptake of Fe into vacuoles could be an alternate strategy to enhance total 87 micronutrient content with a minimized tradeoff for its toxicity in the tissue. To design such 88 strategy, the role of vacuolar transporters needs to be addressed and exploited [15, 22] . 89
Previously, one such vacuolar iron transporters (VIT) were shown to be playing an 90 important role to maintain Fe in the optimal physiological range and prevent cellular 91 toxicity. VIT genes from multiple plant species have been characterized and assessed for 92 their ability to enhance Fe content in cereal crops [15] . These VIT genes show high 93 homology with a small family of nodulin like protein containing a CCC-1 (Ca 2+ -Sensitive 94 Cross Complementer) like domain with yeast Cccp1 [23]. CCC-1 like the domain was 95 initially discovered in yeast encoded for the vacuolar iron transporter in yeast. Furthermore, 96 mutant ccc1 cells show increased sensitivity to external iron [21, 24] AtVIT1 is one of the 97 early characterized genes showing the presence of CCC-1 like domain and transport of iron 98 to vacuoles [21] . Utilizing the bioinformatics resources, subsequent studies led to the 99 identification of many vacuolar iron transporters-like (VTL) proteins from different plant 100 species. Model species, Arabidopsis genome encodes five VTL proteins and overexpression 101 of the few genes have shown increased Fe content in seeds. AtVIT1 protein can transport 102 iron into the vacuoles to counter the toxicity and support the seedling development under 103 enhanced iron conditions [23, 25] . This suggested that these genes likely to have a function 104 in regulation in Fe homeostasis. 105 Therefore, the characterization of vacuolar transporters in an important crop such as 106 wheat becomes a prerequisite to address the global issue of biofortification. Wheat is an 107 important crop that is consumed in many developing countries, including India and is 108 therefore being targeted for trait improvement for nutritional quality. In the current work 109 genome-wide identification of wheat VTL genes was performed. Further, expression studies 110 during different regimes of Fe, Zn and heavy metals was done that provide an insight into 111 the regulation of wheat VTL genes in a tissue-specific manner. 112 113 2. Results 114
Identification, phylogenetic analysis and genomic distribution of wheat VTL genes 115
Thirty-one wheat VIT family sequences were identified based on Ensembl Pfam search and 116 bidirectional blast analysis (Table S1 ). Subsequently, to study the phylogenetic relationship 117 among VIT family protein sequences from wheat, Brachypodium, maize, rice, Arabidopsis 118 and S. cerevisiae, an unrooted neighbour-joining tree was constructed. This analysis 119 separated the sequences into two distinct clades for VTL and VIT proteins that corresponds 120 to the previously stated distribution of the VIT family. This also led to the classification of 121 the wheat VIT family into 8 VIT and 23 VTL sequences ( Figure 1 , Table S2 ). Due to the 122 occurrence of homoeologs, the 23 VTL sequences representing only 4 VTL genes, named as 123 TaVTL1, TaVTL2, TaVTL4 and TaVTL5 based on their corresponding rice orthologs 124 followed by the chromosome on which they are present. None of the orthologs in wheat 125 showed high confidence similarity with rice vacuolar iron transporter homolog 3. TaVTL1 126 and 4 were found to have three homoeologs, while TaVTL2 has 4. In contrast, the 127 phylogenetic analysis grouped 13 highly similar sequences together with rice vacuolar iron 128 transporter homolog 5, these were named as TaVTL5 ( Figure S1 ). 129 VIT genes in wheat have three and four intronic and exonic regions respectively, while VTL 138 genes have a single exon each with the absence of any introns ( Figure 2B ), clearly dividing 139 the VIT family into two sub-families based on gene structure also. CDS length was found 140 to be varying from 657 to 747 nucleotides for wheat VIT genes. The CDS length for VTL 141 genes was ranging from 549 to 810 nucleotides except for TaVTL5-2A_3 that was 378 142 nucleotides long. The short length of one VTL gene is due to the missing sequence 143 information at the stop site. The length of TaVIT peptides ranged from 218 to 256 while 144 TaVTL protein length varied from 125 to 269 amino acids. The division of VIT and VTL 145 proteins was also evident from the sub-cellular localization (Table S2); while TaVIT  146 proteins were predicted to be predominantly localized on the plasma membrane and 147 chloroplast thylakoid membrane, maximum TaVTL proteins were predicted to be present 148 on the vacuolar membrane (87%). TaVTL4-4A was predicted to be localized on plasma 149 membrane. VIT proteins had 3-4 predicted TM domains. TaVTL1, 2 and 4 have 5 TM 150 domains majorly, except for TaVTL4-4B which was predicted to have 6 TM domains. Only 151 TaVTL5-2D_3 had 5 TM domains; other paralogs/homoeologs of TaVTL5 had lesser 152 number of TM domains probably due to gene duplication events or missing information. To 153 summarize, TaVTLs have 5 TM domains predominantly, which are depicted in Table S2 . 154
Eucalyptus VIT1 (EgVIT1) crystal structure was deciphered recently [26] that was used to 155 confirm the VIT family protein topology prediction using Phobius [27] . EgVIT1 was 156 predicted to have only three TM domains while the crystal structure stated the presence of 157 five TM domains. Therefore, VIT, as well as VTL protein sequences from wheat, were 158 aligned to EgVIT1 to see the possible TM domains in addition to those predicted by 159 Phobius ( Figure S2 ). 160 161
Conserved domain and motif analysis 162
All the VIT and VTL genes were found to have the typical CCC1-like superfamily domains 163 of yeast, which were demonstrated earlier for the iron and manganese transport from the 164 cytosol to vacuole. Motif analysis using MEME webserver suggested that motifs 6, 9, and 165 10 are VIT specific with exceptions for motif 10 been absent in TaVIT3 Table S3 ). 171 172
Expression of wheat VTL genes under Fe deficiency and surplus condition 174
To check the regulation of VTL genes at the transcriptional level, the promoter for the 175 wheat VTL genes were scanned for the cis-elements responsive for Fe and heavy metals. 176
The analysis revealed the presence of multiple such sequences, including iron-deficiency-177 responsive element 1 (IDE1), metal response element (MRE), heavy metal responsive 178 element (HMRE) and iron-related bHLH transcription factor 2 (IRO2) binding site (Table  179 S4). In the most abundant category, iron-deficiency-responsive element 1 (IDE1) was 180 predominant. Interestingly, the IRO2 binding site was present only in the regulatory region 181 of TaVTL2B/D. These observations suggest that VTL expression could be regulated by the 182 presence-absence of specific metals including micronutrients such as Fe and Zn. 183
Previously, VTL genes were reported to have differential expression patterns under 184 the changing regimes of Fe and Zn [25] . Therefore, we tested if wheat VTL genes could 185 respond at the transcript level when subjected to changing Fe concentration. The expression 186 in roots and shoots of wheat seedlings was measured after subjecting them for 3 and 6 days 187 of starvation. Our expression analysis suggests that in roots all the VTL genes (TaVTL1, 188
TaVTL2, TaVTL4 and TaVTL5) were downregulated at both the days, whereas, only 189
TaVTL5 was upregulated at 6 days of starvation ( Figure 4A ). 190
Similarly, in shoots also all the expression of wheat VTL genes was suppressed 191 except for TaVTL2 that was upregulated only on 6 days post starvation ( Figure 4B 
Manganese, Zinc and Copper deficiency causes differential changes in VTL expression 210
Wheat VTL genes showed high similarity to previously known VIT genes. In addition to Fe, 211
VIT genes are known to be affected by the perturbed concentration of Zn and Mn [15] . 212
Since many of these cation transporters are known for their reduced substrate specificity, 213 therefore, expression of wheat VTL genes during Zn and Mn deprivation was also studied. 214
In general, during the changing regimes of Zn and Mn, wheat VTL genes showed specific 215 expression in a tissue-specific manner ( Figure 6) . TaVTL2 
Heavy metal (Ni, Cd and Co) mediated expression of VTL genes 226
To check the effect of the heavy metal on the gene expression pattern, wheat seedlings were 227 subjected to treatment with Ni, Cd and Co and; expression of VTL genes was performed. In 228 the treated plants, decreased growth of the shoot and root length was observed, suggesting 229 that heavy metals could affect the plant performance (data not shown). Interestingly, none 230 of the wheat VTL genes showed enhanced expression in roots after 15 days of heavy metal 231 exposure. In shoots, only under the metal Co-treatment TaVTL2, TaVTL4 and TaVTL5  232 show significantly higher expression as compared to control shoot samples (Figure 7) . This 233 data suggested the metal-specific expression of wheat VTL genes in a tissue-specific 234 manner. The previously reported wheat VIT genes showed grain specific expression data. 235 Surprisingly, VTL genes showed very low or no expression in grains or their tissue parts, 236
suggesting their probable roles in the organs of the plants ( Figure S4) . 237 MFS family has been widely explored for its role as metal transporters and providing 248 the necessary support to provide multiple functions in plants [29] . Previously, five VTL 249 genes were reported in Arabidopsis and five genes were reported in rice for this sub-class. 250
Our study in wheat resulted in the identification of a maximum number of VTL genes from 251 any crop plants. The high number of genes is due to the presence of multiple homoeologues 252 and occurrence of the duplication of many wheat VTL genes. Interestingly, chromosome 2 253 has been linked with multiple quantitative trait loci (QTL) for the high grain Fe and Zn 254
[30]. Further dissection is required in this direction to identify if any of the wheat VTL 255 could be linked with the loading of micronutrient in grains. Based on our expression 256 analysis and the support from the previous studies, it could be suggested that VTL genes 257 could also be involved in providing the tolerance to high levels of Fe and Zn in the soils 258
[25]. In fact, the predicted localization data indicate that VTL could be localized at either 259 the plasma membrane or the vacuolar membrane. AtVTL1 was reported to be localized in the vacuolar membrane and others also be associated with the plasma membrane [25]. Our 261 PSORT analysis suggests that most of the wheat VTL are localized in the vacuolar 262 membrane, thus making them a suitable candidate for sequestering micronutrients such as 263
Fe and Zn. 264
The substrate specificity of the metal transporters is a major bottleneck to achieve high 265 our results it could be suggested that regulation of the VTL genes at the transcript level 283 could be conserved. Our works gene expression data also corelates with the presence of 284 multiple cis-elements in the promoter of wheat VTL genes. 285
Herein, a detailed inventory, structure and expression characterization of wheat VTL 286 genes was performed. The work presented here provides the preliminary clue for the 287 expression characterization of wheat VTL genes that further remains to be characterized for 288 their in-planta functional activity using forward and reverse genetics approaches.
Conclusions 290
The present work lead to the identification of high number of VTL genes from hexaploid 291 wheat. Because of polyploidization, a very high number of genes from this sub-family was Wheat VIT family genes were searched for conserved domains using NCBI-CDD 318 database [33] . MEME suite v5.1.0 was used for further analysis to identify the common 319 conserved motifs for both VIT and VTL proteins. The maximum number of motifs was set 320 to 15 for MEME analysis. Gene structure for VITs and VTLs were studied using (GSDS) 321 (http://gsds.cbi.pku.edu.cn/) [34] using genomic and CDS sequences. Sub-cellular 322 localization and TM domains were predicted using web-based prediction programs Wolf 323 PSORT and Phobius respectively [35] . For promoter analysis, ~2Kb promoter elements of 324 the corresponding wheat VTL genes were surveyed for the presence of the respective cis-325 elements. The promoter sequence was obtained for the respective genes suing the IWGSC 326 327
Plant materials and growth conditions 328
For stress experiments, hexaploid wheat Triticum aestivum cv. C-306 (received from 329
Punjab Agriculture University, Ludhiana) was used. Briefly, seeds were surface sterilized 330 using 1.2% sodium hypochlorite prepared in 10% ethanol and then rinsed twice with 331 autoclaved MQ. The seeds were kept on moist filter paper inside a Petri dish and stratified 332 for 1 day at 4 °C in dark condition. Stratified seeds were further kept for germination for 6 333 days at room temperature. The remaining seed/endosperm was excised from seedlings at 334 one leaf stage and was shifted to phytaboxes (10-12 seedling / phytabox) containing the 335 Relative fold expression levels were calculated relative to C(3D). Ct values were 542 normalized using wheat ARF1 as an internal control. Vertical bars represent the standard 543 deviation. # represents the significant difference at p < 0.05 with respect to their respective 544 control treatments. 545 metal treatments. Wheat seedlings were exposed to Ni (+Ni,50 µm), Cd (+Cd, 50 µm) and 563 Co (+Co, 50 µm). Control seedlings (C) without any exposure to heavy metals were 564 compared with the treated ones. (A) Fold expression analysis was performed in roots and 565 (B) in shoots. 2 µg of total RNA was used for the cDNA preparation and relative fold 566 expression levels were calculated relative to control samples. Ct values were normalized 567 using wheat ARF1 as an internal control. Vertical bars represent the standard deviation. # 568 represents the significant difference at p < 0.05 with respect to their respective control 569 treatments. 570
